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Th i s  document i s  t h e  f i n a l  r e p o r t  o f  a s e r i e s  o f  
expe r imen ta l  s t u d i e s  performed t o  de t e rmine  t h e  f e a s i b i l i t y  
o f  a l l e v i a t i n g  warpage and r e s i d u a l  s t resses  i n  welded 
aluminum s t r u c t u r e s  a p p l i c a b l e  t o  t h e  S a t u r n  program. The 
s t u d i e s  were performed by a l t e r i n g  t h e  thermal  p a t t e r n  
d u r i n g  t h e  welding o p e r a t i o n  u s i n g  l o c a l  a p p l i c a t i o n s  of  
c r y o g e n i c  l i q u i d s  and a u x i l i a r y  h e a t  t o  c o u n t e r b a l a n c e  
the rma l  s t r e s s e s  produced by weld ing .  R e s u l t s  o f  t h e  work 
have d e f i n i t e l y  demonst ra ted  t h a t  such c o n t r o l  i s  p o s s i b l e .  
For some welded samples ,  warpage h a s  been reduced t o  z e r o ,  
and r e s i d u a l  s t resses  have been reduced t o  v a l u e s  a s  low 
as 5 p e r c e n t  o f  t h o s e  p r e s e n t  i n  c o n v e n t i o n a l l y  welded 
s a m p l e s .  S u f f i c i e n t  d a t a  h a s  n o t  y e t  been accumulated f o r  
e s t a b l i s h i n g  optimum thermal  p a t t e r n s  f o r  s p e c i f i c  weld- 
men t s ,  b u t  i t  i s  i n d i c a t e d  t h a t  such  p a t t e r n s  can be 
e s t a b l i s h e d  e m p i r i c a l l y  i n  r e l a t i v e l y  s h o r t  t i m e .  
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D i s t o r t i o n  and h i g h  r e s i d u a l  stresses caused  by welding 
o f  S a t u r n  V b o o s t e r  t a n k s  a r e  s e r i o u s  problems. E i t h e r  
c o n d i t i o n  could  r e s u l t  i n  stress c o n c e n t r a t i o n s  and cause  
premature  f a i l u r e  o f .  t h e  s t r u c t u r e ,  e s p e c i a l l y  when f l a w s  
are  p r e s e n t  and t h e  s t r u c t u r e  i s  s t r e s s e d  i n  low t e m p e r a t u r e  
envi ronments .  When normal welding t e c h n i q u e s  are  used ,  
b o t h  d i s t o r t i o n  and h i g h  r e s i d u a l  stresses are  p robab le .  
The o b j e c t i v e  o f  t h i s  p r o j e c t  w a s  t o  de t e rmine  t h e  
f e a s i b i l i t y  o f  a p p l y i n g  a new and nove l  t e c h n i q u e  proposed 
by Harvey Aluminum f o r  c o n t r o l l i n g  b o t h  d i s t o r t i o n  and 
r e s i d u a l  stresses i n  aluminum weldments t y p i c a l  o f  t h o s e  
i n  the  S a t u r n  V b o o s t e r  t anks .  The concept  i n v o l v e s  t h e  
u s e  o f  c r y o g e n i c  l i q u i d s  and a u x i l i a r y  h e a t  s o u r c e s  t o  
produce c o n t r a c t i o n  and expansion o f  m e t a l  i n  t h e  v i c i n i t y  
o f  the  weld i n  such  a manner as  t o  c o u n t e r b a l a n c e  expans ion  
and c o n t r a c t i o n  caused  by welding,  By p r o p e r l y  a l t e r i n g  
t h e  the rma l  p a t t e r n  o f  t h e  weldment, i t  w i l l  be  p o s s i b l e  
t o  c o n t r o l  warpage and r e s i d u a l  s t resses .  
Work performed under C o n t r a c t  NAS8  -1 19 30 d u r i n g  1966 
and 1967 i n d i c a t e d  t h a t  t h e  t e n s i l e  s t r e n g t h  o f  welds  i n  
2219-T87 and 2014-T6 p l a t e  can be i n c r e a s e d  approx ima te ly  
10 p e r c e n t  by u s i n g  l i q u i d  carbon d i o x i d e  t o  e x t r a c t  h e a t  
t o  s h o r t e n  t h e  t ime- tempera ture  c y c l e  f o r  t h e  weldment. 
I t  w a s  a l s o  obse rved  t h a t  warpage appeared  t o  be reduced 
as  compared t o  u n c h i l l e d  welds. 
I n  t h e  i n i t i a l  phase of t h e  c u r r e n t  c o n t r a c t ,  an  
a n a l y t i c a l  s tudy  w a s  performed t o  e s t a b l i s h  a t h e o r e t i c a l  
t h e r m a l  p a t t e r n  which would c o u n t e r b a l a n c e  expans ion  and 
c o n t r a c t i o n  due t o  welding.  T h i s  s e l e c t e d  t a r g e t  t he rma l  
p a t t e r n  c o n s i s t e d  o f  c o n f i n i n g  t h e  h e a t e d  p o r t i o n  o f  t h e  
p l a t e  t o  a 2- inch d i a m e t e r  c i r c l e  around t h e  weld ing  t o r c h  
w i t h  a su r round ing  8 - inch  d i ame te r  r i n g  a t  a t e m p e r a t u r e  
o f  approx ima te ly  -100 deg. F. 
The expe r imen ta l  p o r t i o n  o f  t h e  program w a s  performed 
i n  two phases .  The f i r s t  p h a s e  c o n s i s t e d  o f  t e s t s  on  
s m a l l  s a m p l e s  t o  de t e rmine  bas i c  d a t a  on t h e  f e a s i b i l i t y  
o f  c o u n t e r b a l a n c i n g  weld expansion and c o n t r a c t i o n  by u s i n g  
l i q u i d  c ryogen ics .  T h i s  work produced d e f i n i t e  ev idence  
t h a t  such  c o u n t e r b a l a n c i n g  i s  p o s s i b l e  t h u s  v e r i f y i n g  t h e  
fundamenta l  concept .  The second phase  c o n s i s t e d  of 
development of b e n e f i c i a l  t he rma l  p a t t e r n s  i n  1 2  x 48 x 
5/16- inch  2014-T6 welded p a n e l s  by a p p l i c a t i o n  of t h e  
concep t .  R e s u l t s  of t h i s  work demonst ra ted  c o n c l u s i v e l y  
t h a t  t h e  concept  c a n  be  s u c c e s s f u l l y  a p p l i e d  f o r  c o n t r o l l i n g  
warpage and r e s i d u a l  stresses i n  l a r g e r  weldments. Some 
p a t t e r n s  a c t u a l l y  r e v e r s e d  t h e  normal warpage w h i l e  o t h e r  
p a t t e r n s  reduced r e s i d u a l  t e n s i l e  stresses t o  less  t h a n  
f i v e  p e r c e n t  of t h o s e  p r e s e n t  i n  c o n v e n t i o n a l l y  welded 
p a n e l s .  
I n  o r d e r  t o  a p p l y  t h e  concep t  t o  s p e c i f i c  hardware,  
i t  i s  recommended t h a t  f u r t h e r  work be  performed on s i m -  
u l a t e d  p a r t s .  
n i c a l  a s s i s t a n c e  a f f o r d e d  th roughou t  t h e  program by Harvey 
Eng inee r ing  L a b o r a t o r i e s  D i r e c t o r ,  M r .  P.E. Anderson, and 
Resea rch  Adminis t ra tor ,  M r .  L.W. Davis. A l so ,  a p p r e c i a t i o n  
i s  expres sed  t o  M r .  A . H .  Malinovszky f o r  i m p o r t a n t  l a b o r a t o r y  
work, t o  Messrs. J . R .  Johnson and M.R. Ransom f o r  i n s t r u -  
m e n t a t i o n ,  and t o  M r .  A . J .  Goulding f o r  a s s i s t a n c e  i n  
p r e p a r i n g  t h i s  r e p o r t .  






11. PROGRAM OBJECTIVE 
The o b j e c t i v e  o f  t h e  program w a s  t o  d e m o n s t r a t e  t h e  
f e a s i b i l i t y  o f  c o n t r o l l i n g  warpage and r e s i d u a l  stresses 
i n  aluminum weldments by a l t e r i n g  t h e  the rma l  p a t t e r n  of  
t h e  weldment d u r i n g  t h e  welding p r o c e s s .  I t  w a s  proposed 
t h a t  a l t e r a t i o n  o f  t h e  thermal p a t t e r n  be accomplished by 
u s i n g  l o c a l  a p p l i c a t i o n  of  l i q u i d  carbon d i o x i d e  i n  t h e  
v i c i n i t y  o f  t h e  weld w i t h  the  a d d i t i o n  of  a u x i l i a r y  h e a t ;  
i f  n e c e s s a r y ,  t o  cause  s u f f i c i e n t  c o n t r a c t i o n  and expans ion  
i n  mater ia l  a d j a c e n t  t o  t h e  weld t o  c o u n t e r b a l a n c e  t h e  
expans ion  and s h r i n k a g e  normally produced d u r i n g  welding.  
I t  w a s  a l s o  proposed t h a t  t he  weld ing  be accomplished by 
t e c h n i q u e s  s imilar  t o  t h o s e  used f o r  welding t h e  aluminum 
tankage  f o r  S a t u r n  V. 
3 
111. PROGRAM PLAN 
The program c o n s i s t e d  o f  f o u r  p r i n c i p a l  t a s k s :  (1) an  
a n a l y t i c a l  s tudy  t o  de t e rmine  t h e o r e t i c a l l y  b e n e f i c i a l  
t he rma l  p a t t e r n s ,  ( 2 )  s e t - u p  o f  equipment and i n s t r u m e n t a t i o n ,  
( 3 )  development o f  b a s i c  e x p e r i m e n t a l  d a t a ,  and ( 4 )  deve lop-  
ment o f  c o n t r o l s  f o r  warpage and r e s i d u a l  stresses.  
L 
The a n a l y t i c a l  s t u d y  w a s  completed d u r i n g  t h e  f i r s t  
program month. Performance o f  t h e  o t h e r  t h r e e  t a s k s  w a s  a 
d e l a y e d  approximate ly  two months due t o  unexpected d i f f i -  
c u l t i e s  i n  o b t a i n i n g  mater ia ls  and e x e c u t i o n  o f  i n s t r u m e n t a -  
t i o n  f o r  measuring thermal  p a t t e r n s  d u r i n g  weld ing .  
Four major systems f o r  changing  t h e  the rma l  p a t t e r n  o f  
t h e  weld,  with a t o t a l  o f  t h i r t y  v a r i a t i o n s  o f  t h e s e  sys t ems ,  
were e x p e r i m e n t a l l y  i n v e s t i g a t e d  d u r i n g  t h e  c o u r s e  of  t h e  
program. One hundred 1 2  x 48- inch  weld p a n e l s  were produced. 
Approximately 2 0  p e r c e n t  o f  t h e s e  were u n c h i l l e d ;  45 p e r c e n t  
were c h i l l e d  from t h e  f r o n t  s i d e ;  20 p e r c e n t  w e r e  c h i l l e d  
from t h e  back s i d e ,  and 1 5  p e r c e n t  were c h i l l e d  from t h e  
f r o n t  s i d e  wi th  t h e  a p p l i c a t i o n  o f  a u x i l i a r y  h e a t .  More 
t h a n  50 pane l s  were ins t rumen ted  f o r  measurement o f  
t empera tu re  and warpage. R e s i d u a l  stresses w e r e  de te rmined  
f o r  30 p a n e l s ,  r e q u i r i n g  placement  o f  o v e r  200 s t r a i n  
gages  and 100 t r e p a n n i n g  o r  s l i c i n g  o p e r a t i o n s .  X-rays,  





I V .  ANALYTICAL STUDY 
A s t u d y  w a s  made t o  e s t a b l i s h  m a t h e m a t i c a l l y  t h e  
f e a s i b i l i t y  o f  accompl i sh ing  s u f f i c i e n t  c o n t r a c t i o n  and 
expans ion  o f  metal  a d j a c e n t  t o  t h e  weld t o  c o u n t e r b a l a n c e  
t h a t  produced by t h e  welding o p e r a t i o n .  Th i s  s t u d y  w a s  
concerned w i t h  h e a t  e x t r a c t i o n  by means o f  l i q u i d  CO2 t o  
produce e l a s t i c  de fo rma t ion  e q u i v a l e n t  t o  t h e  the rma l  
expans ion  and c o n t r a c t i o n  as w e l l  a s  t h e  weld s h r i n k a g e  
( l i q u i d - t o - s o l i d )  which occur s  d u r i n g  welding.  
c u l a t i o n s  were based  on parameters  obse rved  d u r i n g  t h e  
performance o f  C o n t r a c t  NAS8-11930 f o r  producing  l i q u i d  
C O 2  c h i l l e d  weld p a n e l s  1 2  x 48 x 5/16- inch  t h i c k  i n  2014-T6 
aluminum a l l o y .  
The cal-  
R e s u l t s  o f  t h e  mathemat ica l  s t u d y  i n d i c a t e d  t h a t  t h e  
the rma l  s t resses  would be coun te rba lanced  i f  t h e  p o r t i o n  
o f  t h e  p la te  h e a t e d  by t h e  a r c  cou ld  be c o n t a i n e d  w i t h i n  a 
2- inch  d i a m e t e r  c i r c l e  w i t h  t h i s  c i r c l e  sur rounded by a n  
area o f  approx ima te ly  45 square  i n c h e s  coo led  t o  -100 deg.  F. 
I t  w a s  e s t i m a t e d  t h a t  approximate ly  0 .8- lb .  o f  l i q u i d  CO2 
p e r  i n c h  o f  weld,  i n  a d d i t i o n  t o  t h a t  d i s s i p a t e d  by t h e  
h e a t  o f  weld ing  i n  fo rma t ion  o f  t h e  weld,  would be  r e q u i r e d .  
C a l c u l a t i o n s  are shown i n  Appendix A. 
. 
5 
V .  DEVELOPMENT OF CONTROLS FOR WARPAGE 
AND RESIDUAL STRESSES 
Genera 1 
The expe r imen ta l  work t o  deve lop  c o n t r o l s  f o r  warpage 
and r e s i d u a l  s t resses  c o n s i s t e d  o f  t h e  f o l l o w i n g  p r i n c i p a l  
e f f o r t s :  (1) procurement and p r e p a r a t i o n  of  mater ia l s ,  
( 2 )  s e t - u p  of weld ing  equipment w i t h  i n s t r u m e n t a t i o n ,  
( 3 )  development o f  c h i l l i n g  systems and t e c h n i q u e s ,  ( 4 )  d e v e l -  
opment o f  t echn iques  f o r  measurement o f  t e m p e r a t u r e s  and 
r e s i d u a l  s t r e s s e s ,  ( 5 )  development o f  b a s i c  d a t a  on thermal  
s t resses ,  and ( 6 )  development o f  t he rma l  p a t t e r n s  f o r  
c o n t r o l l i n g  warpage and r e s i d u a l  s t resses .  
Four major sys tems were developed  f o r  a l t e r i n g  t h e  
thermal  p a t t e r n  d u r i n g  welding.  A l l  employed j e t  s p r a y i n g  
o f  l i q u i d  CO2 w i t h  o r  w i thou t  t h e  a p p l i c a t i o n  o f  a u x i l i a r y  
h e a t .  The b a s i c  systems i n c l u d e d  t h e  f o l l o w i n g :  
1. V-shaped c r y o g e n i c  j e t  systems f o r  c o o l i n g  t h e  
f r o n t  s i d e  of t h e  weld. 
2 .  T r a i l i n g  c r y o g e n i c  j e t  systems f o r  c o o l i n g  t h e  
f r o n t  s i d e  of t h e  weld.  
3 .  C i r c u l a r  c r y o g e n i c  j e t  systems f o r  c o o l i n g  t h e  
back s i d e  of  t h e  weld.  
4 .  A u x i l i a r y  h e a t i n g  wi th  t r a i l i n g  c r y o g e n i c  j e t  
sys tems f o r  c o o l i n g  t h e  f r o n t  s i d e  o f  t h e  weld. 
R e s u l t s  o f  t h i s  work c o n c l u s i v e l y  demonst ra ted  t h e  
f e a s i b i l i t y  o f  c o n t r o l l i n g  warpage and r e s i d u a l  s t ress  
by a l t e r i n g  t h e  thermal  p a t t e r n  o f  t h e  weldment d u r i n g  
t h e  welding p r o c e s s .  By a p p l i c a t i o n  o f  combina t ions  o f  
c h i l l i n g  with a u x i l i a r y  h e a t i n g ,  i t  w a s  p o s s i b l e  t o  reverse 
normal warpage which i n d i c a t e d  t h a t  w i t h  t h e  optimum thermal  
p a t t e r n ,  warpage can be e l i m i n a t e d .  Combined c h i l l i n g  and 
a u x i l i a r y  h e a t i n g  a l s o  reduced r e s i d u a l  s t resses  by as much 
as 95  pe rcen t .  T e n s i l e  t e s t s  i n d i c a t e d  t h a t  s t r e n g t h  w a s  
n o t  impaired by a l t e r i n g  t h e  the rma l  p a t t e r n s ;  i n  f a c t ,  i t  
may a c t u a l l y  be  improved. 
c 
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The f o l l o w i n g  paragraphs d e s c r i b e  t h e  e x p e r i m e n t a l  
p rocedures  used and t h e  r e s u l t s  o b t a i n e d :  
Experimental  P rocedure  
Material 
Aluminum p l a t e . -  A l l  p l a t e  mater ia l  used f o r  
e x p e r i m e n t a l  welding c o n s i s t e d  o f  5 /16 - in .  t h i c k  2014-T651 
aluminum p l a t e .  T h i s  p l a t e  was c u t  i n t o  6 x 48- in .  p ieces  
w i t h  b o t h  edges machined s t r a i g h t  and s q u a r e  w i t h i n  a 
t o l e r a n c e  o f  f 0.010- in .  w i t h  60  r m s  f i n i s h .  Immediately 
p r e c e d i n g  weld ing ,  t h e  p l a t e s  w e r e  chemica l ly  c l e a n e d  
u s i n g  s t a n d a r d  p r a c t i c e s  adopted by t h e  a e r o s p a c e  i n d u s t r y ,  
and the ma t ing  edges  were mechanica l ly  s c r a p e d  t o  remove 
r ema in ing  contaminants .  
Welding w i r e . -  Aluminpm a l l o y  2319 weld ing  w i r e  
o f  3 /64 - in .  d i ame te r  was used f o r  a l l  weld ing .  Th i s  w i r e  
was level-wound on s t a n d a r d  s p o o l s  and s p e c i a l l y  packaged 
t o  p r e v e n t  o x i d a t i o n  d u r i n g  s t o r a g e .  
L i q u i d  carbon d iox ide .  - L i q u i d  carbon d i o x i d e  
w a s  r e c e i v e d  i n  250-lb.  tanks under  p r e s s u r e  o f  approx ima te ly  
300 p s i g .  
Helium.- Welding grade hel ium w a s  used f o r  a l l  
we ld ing  o p e r a t i o n s .  
Weldinn EquiDment and I n s t r u m e n t a t i o n .  - Equipment f o r  
per forming  t h e  welding o p e r a t i o n  c o n s i s t e d  o f  a 600/1200 amp. 
d-c  r e c t i f i e r  w i t h  imposed high f requency .  S t r a i g h t  p o l a r i t y  
w a s  used  f o r  a l l  weld ing .  The f i x t u r e  f o r  welding i n  t h e  
h o r i z o n t a l  p o s i t i o n  i s  a d j u s t a b l e  f o r  a l ignmen t  and i s  
s u i t a b l e  f o r  imposing low and h i g h  d e g r e e s  o f  r e s t r a i n t .  
F i g u r e  1 shows t h e  welding f i x t u r e  w i t h  a c c e s s o r i e s  i n  
o p e r a t i o n  f o r  a p p l i c a t i o n  of l i q u i d  CO2 d u r i n g  welding.  
P r i n c i p a l  i n s t r u m e n t a t i o n  c o n s i s t e d  o f  t h e  f o l l o w i n g :  
(1) v o l t m e t e r  and a m m e t e r  f o r  measur ing  welding c u r r e n t ,  







f o r  measu r ing  t empera tu res  ( f i g u r e  2) ,  ( 3 )  d i a l  micrometers  
f o r  measur ing  d e f l e c t i o n ,  ( 4 )  p l a t f o r m  scales f o r  measur ing  
l i q u i d  CO2 u s a g e ,  and (5) w i r e  o r  f o i l  s t r a i n  gages  w i t h  
s t r a i n  i n d i c a t o r  f o r  measuring r e s i d u a l  stresses. 
Details conce rn ing  equipment and i n s t r u m e n t a t i o n  are  
c o n t a i n e d  i n  Appendix B. 
Chi Systems.-  Three t y p e s  o f  c h i l l i n g  systems were 
d e v i s e d  d u r i n g  t h e  c o u r s e  o f  t h e  program. A V-shaped 
system was des igned  t o  c o n c e n t r a t e  t h e  c h i l l i n g  around t h e  
weld ing  t o r c h  on t h e  f r o n t  s i d e  o f  t h e  pane l .  A c i r c u l a r  
sys tem w a s  des igned  f o r  c o n c e n t r a t i n g  t h e  c h i l l i n g  around 
t h e  mol t en  puddle  on  t h e  back s i d e  o f  t h e  p a n e l .  A t r a i l i n g  
system w a s  des igned  f o r  u s e  on t h e  f r o n t  s i d e  ( b u t  could  be  
used  on e i t h e r  s ide)  w i t h  t h e  c h i l l i n g  a t  v a r i o u s  d i s t a n c e s  
behind  t h e  weld ing  t o r c h .  As shown i n  Appendix 11, t h i r t y  
v a r i a t i o n s  o f  t h e s e  sys tems were used  d u r i n g  t h e  e x p e r i m e n t a l  
we ld ing  program. 
V-shaped c h i l l i n g  sys tems. -  Th i s  system i s  
i l l u s t r a t e d  i n  F i g u r e s  3 and 4 .  A s  can be  s e e n  i n  t h e  bottom 
views, t h e  s i n g l e  mani fo ld  i s  f i t t e d  w i t h  1 4  j e t - n o z z l e s ,  
and the double  man i fo ld  c o n t a i n s  a t o t a l  o f  34 j e t - n o z z l e s .  
Each o f  t h e s e  n o z z l e s  can be  p o s i t i o n e d  t o  d i r e c t  t h e  CO2 
j e t  as d e s i r e d .  For  v a r y i n g  t h e  c h i l l i n g  p a t t e r n ,  n o z z l e s  
o f  v a r i o u s  o r i f i c e  s i z e s  are e a s i l y  i n t e r c h a n g e a b l e  o r  t h e  
n o z z l e  may be plugged. H e i g h t  o f  t h e  n o z z l e s  above t h e  weld 
p a n e l  s u r f a c e  i s  a l s o  a d j u s t a b l e .  I t  i s  e x t r e m e l y  i m p o r t a n t  
t h a t  C02 be p reven ted  from e n t e r i n g  t h e  atmosphere s u r -  
round ing  t h e  a rc  as C02 i n  t h e  weld ing  a rc  c a u s e s  severe 
v o l t a g e  f l u c t u a t i o n s  and contaminat ion  o f  t h e  weld. For 
t h i s  pu rpose ,  a double  s ea l ,  c o n s i s t i n g  o f  s t a i n l e s s  s t ee l -  
wool suppor t ed  by a f i n e  s t a i n l e s s  s t e e l  b r u s h ,  w a s  used .  
NOTE 
For purpose of i l l u s t r a t i o n ,  t h e  
photographs used f o r  F i g u r e  4 have  
been r o t a t e d  to  t h e  f l a t  weld ing  
p o s i t i o n ;  however, t h e  h o r i z o n t a l  
p o s i t i o n  was used f o r  t h e  a c t u a l  
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a. Singlo rnmifold wiih brush s a l  (bomm wow) 
b. Double mmifold with brush seal (bottom view) 
Figure 3. V-shaped Cryogenic Jet Systems for Cooling 
Front Side of Weld 
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a. Fmt rim 
b. Rear view 
Figure 4. Installed V-shaped Cryogenic Jet System for Cooling 
Front Side of Weld 
T r a i l i n g  c h i l l i n g  sys tems.  - Two t y p e s  o f  n o z z l e s  
were used f o r  t h e  t r a i l i n g  systems as shown i n  F i g u r e  5 .  
The f i v e - j e t  system o p e r a t e s  i n  a manner s imi la r  t o  t h e  
V-shaped system i n  t h a t  the n o z z l e s  can be p o s i t i o n e d  and 
o r i f i c e  s i z e s  can be changed. The DeVi lb i s s  n o z z l e  does 
n o t  have t h i s  f l e x i b i l i t y ;  consequen t ly ,  i t  proved t o  be 
l ess  u s e f u l  t h a n  t h e  mani fo ld  sys t ems .  F i g u r e  6 shows t h e  
f i v e - j e t  t r a i l i n g  man i fo ld  mounted behind t h e  welding 
t o r c h .  Unless  t h e  d i s t a n c e  from t h e  j e t s  t o  t h e  t o r c h  i s  
more t h a n  1 2  i n c h e s ,  i t  i s  n e c e s s a r y  t o  u s e  a s h i e l d  around 
t h e  t o r c h  t o  keep t h e  C 0 2  o u t  o f  t h e  welding a rc .  A s  shown 
i n  F i g u r e  6 a ,  t h e  s t ee l -woo l  and w i r e  b rush  seal  des igned  
f o r  t h e  V-shaped sys tems was used f o r  t h i s  purpose .  The 
d i s t a n c e  between t h e  j e t s  and t h e  weld ing  t o r c h  can be 
a d j u s t e d  by l e n g t h e n i n g  o r  s h o r t e n i n g  t h e  a t t a c h m e n t  
b r a c k e t  ( n o t  shown). 
C i r c u l a r  c h i l l i n g  sys tem.-  I t  w a s  n o t  p o s s i b l e  t o  
s u c c e s s f u l l y  deve lop  a system f o r  c h i l l i n g  t h e  weld panel  
ahead  o f  t h e  t o r c h  by app ly ing  CO t o  t h e  f r o n t  s i d e  o f  
w i t h  t h e  welding o p e r a t i o n  o r  cou ld  n o t  be s e a l e d  s u f f i -  
c i e n t l y  t o  p reven t  C 0 2  from l e a k i n g  i n t o  t h e  arc .  For t h i s  
r e a s o n ,  t h e  system shown i n  F i g u r e  7 w a s  f a b r i c a t e d .  Th i s  
system employs a c i r c u l a r  mani fo ld  w i t h  e i g h t  n o z z l e s  which 
are  a d j u s t a b l e  and i n t e r c h a n g e a b l e  i n  t h e  same manner as  
t h o s e  used i n  t h e  V-shaped and 5- je t  t r a i l i n g  sys tems.  The 
seal  c o n s i s t s  o f  s t a i n l e s s  s t ee l -woo l  packed i n t o  a c i r c u l a r  
channe l  between t h e  j e t s  and  t h e  back s i d e  o f  t h e  molten 
puddle .  The a x i a l  c h a n n e l ,  a l s o  packed w i t h  s t e e l - w o o l ,  
w a s  des igned  t o  p r e v e n t  C 0 2  from g e t t i n g  i n t o  t h e  unwelded 
j o i n t  ahead o f  t h e  t o r c h  as w e l l  as t o  keep t h e  C 0 2  from 
c o n t a m i n a t i n g  t h e  h o t  m e t a l  immediately behind  t h e  a r c .  
the pane l .  The sys tems i n v e s t i g a  z ed e i t h e r  i n t e r f e r e d  
Welding Techniaues . -  A l l  welding  w a s  performed w i t h  
t h e  p a n e l s  i n  h o r i z o n t a l  p o s i t i o n ;  t h e  T I G  p r o c e s s  w a s  used 
w i t h  d-c  s t r a i g h t  p o l a r i t y .  A r c  v o l t a g e  w a s  c o n t r o l l e d  by 
a "p rox imi ty  c o n t r o l  . I 1  The c o n t r o l  a u t o m a t i c a l l y  a d j u s t s  
the  d i s t a n c e  between t h e  e l e c t r o d e  and t h e  work p i e c e  so 
t h a t  a p r e s e l e c t e d  v o l t a g e  w i l l  be ma in ta ined .  The amperage 
and t r ave l  speed used  f o r  accompl ish ing  t h e  weld w a s  s e l e c t e d  
by t r a i l ,  and each  w a s  v a r i e d  d i r e c t l y  w i t h  t h e  t y p e  o f  
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a. Five-iot manikld 
. 
1 
b. De Vilbiss nozzle 
Figure 5. Trailing Cryogenic Jet Systems for Cooling 
Front Side of Weld (bottom views) 
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a. Using auxiliary torch shield 
b. Without torch shield 
Figure 6. Trailing Cryogenic Jet System Installed 
for Cooling Front Side of Weld 
a. Bottom view 
- _ _  __ ~ 
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b. Installed rear view 
Figure 7. Circular Cryogenic Jet System for Cooling 
Back Side of Weld 
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c h i l l i n g  used.  I n  most c a s e s ,  welds were mad2 a t  250 amperes  
w i t h  t h e  t ravel  speed  a d j u s t e d  from 5 t o  14  i n c h e s  p e r  
minute  as  needed t o  e f f e c t  optimum p e n e t r a t i o n .  
- S i x  p la t inum r e s i s t a n c e  
thermometers  were h e l d  by s p r i n g  w i r e  c l i p s  a g a i n s t  t h e  
s u r f a c e  o f  t h e  weld panel  so  t h a t  a i r  gaps between panel  
and thermometers  could  n o t  occur  i n  t h e  even t  o f  pane l  
warpage. The thermometers were connec ted  t o  a s i x - c h a n n e l  
Brush r e c o r d e r  u s i n g  a Wheatstone Br idge  a r rangement  t o  
produce t h e  proper  range  o f  n e e d l e  d e f l e c t i o n  i n  accordance  
wi th  t h e  r e s i s t a n c e  changes produced by expec ted  t empera tu re  
changes.  P r i o r  t o  making each expe r imen ta l  weld ,  t h e  
r e c o r d i n g s  were c a l i b r a t e d  a g a i n s t  a s t a n d a r d  r e s i s t a n c e .  
Placement  of  t h e  thermometers w a s  g e n e r a l l y  n e a r  t h e  
c e n t e r  o f  t h e  l e n g t h  of  t h e  pane l  w i th  thermometers  spaced  
approximate ly  one -ha l f  i nch  a p a r t  and outward from t h e  weld 
c e n t e r l i n e .  Char t  d e f l e c t i o n s  produced by each  thermometer 
were t h e n  measured and conver ted  t o  t empera tu re  by u s i n g  
t h e  c a l i b r a t i o n  d e f l e c t i o n  as  a r e f e r e n c e .  
WarDaee Measurement .- Warpage w a s  measured u s i n g  t h e  
c e n t e r  a t  t h e  t o p  of  t h e  panel as t h e  r e f e r e n c e  p o i n t .  
L i n e a r  measurements were conver ted  t o  a n g u l a r  u n i t s  f o r  
convenience .  
Residual Stress  Measurement .- Two t e c h n i q u e s  w e r e  used  
f o r  measur ing  r e s i d u a l  stresses.  Both invo lved  t h e  u s e  o f  
w i r e  o r  f o i l  s t r a i n  gages i n  c o n j u n c t i o n  wi th  a manual ly-  
o p e r a t e d  s t r a i n  i n d i c a t o r .  S t anda rd  t e c h n i q u e s  were used 
f o r  p r e p a r i n g  t h e  pane l  s u r f a c e  and l a y i n g  t h e  s t r a i n  gages .  
Mechanical  t r e p a n n i n g ,  w i t h  C02 c o o l a n t  t o  p reven t  o v e r h e a t i n g ,  
w a s  i n i t i a l l y  used f o r  r e l a x i n g  t h e  r e s i d u a l  s t ress .  The 
equipment f o r  t r e p a n n i n g  as shown i n  F igu re  8 ,  and t h e  
t r epanned  s e c t i o n s  a r e  shown i n  F i g u r e  9 .  However, t h e r e  
w a s  some i n d i c a t i o n  t h a t  t h i s  t echn ique  a f f e c t e d  t h e  ac tua l  
r e s i d u a l  s tress s l i g h t l y .  The re fo re ,  t h e  s l i c i n g  t echn ique  















































a. Strain gages (ref. gage on right) connected to strain indicator 
b. Blocks with strain gages reassembled in weld panel 
to show location 
Figure 10. Measurement of Residual Stresses 
Using The Slicing Technique 
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Although s t r a i n  gages  were p l a c e d  i n  v a r i o u s  p o r t i o n s  
o f  t h e  weld p a n e l ,  i t  w a s  determined t h a t  t h e  most s i g n i f i c a n t  
measurements f o r  e v a l u a t i n g  e f f e c t  o f  thermal p a t t e r n s  were 
t h o s e  made d i r e c t l y  on t h e  c a s t  weld w i t h  t h e  axis  o f  one  
s t r a i n  gage p a r a l l e l  t o  t h e  l o n g i t u d i n a l  a x i s  o f  the weld 
and a n o t h e r  t r a n s v e r s e  t o  t h e  l o n g i t u d i n a l  ax i s .  I n  o r d e r  
t o  o b t a i n  a f l a t  s u r f a c e  upon which t o  p l a c e  t h e  s t r a i n  
g a g e s ,  and t o  o b t a i n  uniform r e l a x a t i o n  o f  t h e  stresses upon 
c u t t i n g ,  t h e  weld r e in fo rcemen t  w a s  ground o f f .  Extreme 
care w a s  t aken  t o  a v o i d  r a i s i n g  the t e m p e r a t u r e  o f  t h e  weld 
o v e r  150 deg. F. d u r i n g  t h e  g r i n d i n g  o p e r a t i o n .  
X - R a y  E xamina t io  n . -  S tandard  t e c h n i q u e s  were used f o r  
d e t e r m i n i n g  weld q u a l i t y  by X-ray. 
Macrosec t ion  i n g . -  Macrosec t ions  w e r e  p repa red  by c u t t i n g  
s a m p l e s  3 i n .  l o n g  x % - i n .  t h i c k  o f  t h e  weld t r a n s v e r s e  t o  
t h e  l o n g i t u d i n a l  a x i s .  These s a m p l e s  were p o l i s h e d  and 
e t c h e d  f o r  macroscopic  examinat ion o f  t h e  weld and h e a t  
a f f e c t e d  zones.  
T e n s i l e  T e s t i n g .  - S t r i p s  1 2  x 3 /4 - in .  were c u t  t r a n s v e r s e  
t o  t h e  l o n g i t u d i n a l  a x i s  o f  t h e  weld. Weld r e i n f o r c e m e n t s  
was n o t  removed. T e n s i l e  t e s t s ,  u s i n g  s t a n d a r d  t e s t i n g  
t e c h n i q u e s ,  were performed w i t h i n  one  week a f t e r  t h e  pane l  
w a s  welded. 
Experimental  R e s u l t s  
a1 Data.- A l i m i t e d  t e s t  
series w a s  performed t o  determine t h e  e f f e c t  o f  weld heat 
on  expans ion  and c o n t r a c t i o n  o f  5 /16 - in .  2014-T6 p l a t e  and 
t o  e s t a b l i s h  t h e  p r a c t i c a l i t y  o f  a p p l y i n g  s u f f i c i e n t  l i q u i d  
C O 2  a d j a c e n t  t o  t h e  weld t o  c o u n t e r a c t  t h e  the rma l  e f f e c t s  
o f  weld ing .  These t es t s  were performed upon s m a l l  s a m p l e s  
s u p p o r t e d  i n  such a manner t h a t  d e f l e c t i o n s  o f  t h e  edge o f  
t h e  p l a t e  could  be  measured by means o f  d i a l  micrometers .  
Welding c o n s i s t e d  o f  s p o t ,  s l o t ,  and seam. Coo l ing  
w a s  accomplished by means of  a s t a t i o n a r y  man i fo ld  s p e c i a l l y  
c o n s t r u c t e d  f o r  t h i s  purpose.  
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Results of these tests demonstrated that the deflection 
can be reduced to zero and that residual stresses can be 
reduced substantially. In some cases, the deflection was 
reversed by application of excessive quantities of liquid C02. 
Details of the tests are contained in Appendix D. . 
Development of Optimum Thermal Patterns 
& 
General.- Summaries of experimental data on this portion 
of the program are presented in the following pages. 
data are contained in Appendix C. 
Detailed 
TYDical Thermal Pat terns 
Unchilled weld panels.- In order to establish a 
basis for comparison, several 48 x 12-in. panels were welded 
without' chilling. Measurements of warpage, residual stress 
and tensile properties indicated that warpage is extremely 
seilsitive to the time-temperature cycle, degree of restraint, 
and shape of the cast weld structure. A typical thermal 
pattern for unchilled weld panels is shown in Figure 11. 
Front-side chilling.- Various chilling patterns 
were used in an effort to select those that would produce 
the most beneficial effects on warpage and residual stresses. 
As shown in the sketches contained in Appendix B (Equip- 
ment and Instrumentation), a total of 14 variations of the 
V-shaped systems were used to weld 48 x 12-in. panels. 
Fourteen variations of the trailing systems were a lso  used 
to weld 48 x 12-in. panels. A total of more than 5 0  panels 
were welded to investigate the 28 variations of the front 
side chilling systems. Typical thermal patterns for weld 
panels chilled from the front side with the V-shaped and 
trailing manifold systems are shown in Figures 12 and 13. 
Back-side chilling systems.- During the course 
of the experimental work with the front side chilling 
systems, a cursory stress analysis was made in an effort 
to determine the reason these systems did not effect more 
pronounced reductions in warpage and residual stresses. 
. 
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The r e s u l t  o f  t h i s  a n a l y s i s  i n d i c a t e d  t h a t  t he rma l  c o n t r a c -  
t i o n  w a s  nonuniform s i n c e  l i q u i d  C 0 2  could  n o t  b e  a p p l i e d  t o  
t h e  p l a t e  ahead o f  t h e  welding t o r c h  w i t h o u t  i n t e r f e r i n g  
w i t h  t h e  welding o p e r a t i o n .  On t h i s  b a s i s ,  a system was 
d e s i g n e d  and f a b r i c a t e d  f o r  c h i l l i n g  i n  a c i r c u l a r  p a t t e r n .  
The f i r s t  system w a s  designed f o r  use  on t h e  f r o n t  
s i d e  b u t  f a i l e d  t o  keep C 0 2  o u t  o f  t h e  a r c  and w a s  t h e r e -  
f o r e  abandoned. The second system w a s  d e s i g n e d  f o r  u s e  on 
t h e  back s i d e  and w a s  e f f e c t i v e  i n  producing  t h e  d e s i r e d  
c h i l l i n g  p a t t e r n .  A t y p i c a l  t he rma l  p a t t e r n  i s  shown i n  
F i g u r e  14 .  However, t h i s  system caused e x c e s s i v e  p o r o s i t y  
i n  t h e  weld. 
I t  i s  b e l i e v e d  t h a t  t h e  p o r o s i t y  r e s u l t e d  from water 
condensed on t h e  c o l d  a l u m i n u m  becoming t r a p p e d  between 
t h e  b u t t i n g  edges ahead o f  t h e  a r c .  Inasmuch as t h i s  
sys tem a l s o  d i d  n o t  e f f e c t  t h e  d e s i r e d  d e g r e e  o f  warpage 
o r  r e s i d u a l  s t ress  r e d u c t i o n ,  i t  w a s  p o s t u l a t e d  t h a t  t h e  
n e c e s s a r y  e l a s t i c - p l a s t i c  r e l a t i o n s h i p s  were n o t  b e i n g  
produced by c h i l l i n g  a l o n e  as t h e  expans ion  a f t e r  c h i l l i n g  
t a k e s  p l a c e  too  s lowly  t o  be e f f e c t i v e .  I n  o r d e r  t o  cause  
t h e  p rope r  r e l a t i o n s h i p  t o  t ake  p l a c e ,  i t  would be n e c e s s a r y  
t o  u s e  a u x i l i a r y  h e a t .  
- Combined C h i l l i n P  and A u x i l i a r y  Hea t ing  Systems.- The 
f i r s t  system u t i l i z e d  one of t h e  f r o n t  s i d e  t r a i , l i n g  man i fo lds  
f o r  c h i l l i n g  and an a c e t y l e n e  f lame behind t h e  c h i l l i n g  
m a n i f o l d  t o  cause  more r a p i d  expans ion .  Th i s  system caused 
t h e  warpage t o  r e v e r s e  from normal ,  b u t  t h e  a c e t y l e n e  flame 
w a s  d i f f i c u l t  t o  c o n t r o l .  The re fo re ,  i n  t h e  r ema in ing  
e x p e r i m e n t s ,  t h e  f lame was p o s i t i o n e d  manual ly .  I t  w a s  
found t h a t  t h e  most e f f e c t i v e  combined system w a s  a g e n e r a l  
p r e h e a t  o f  t h e  p l a t e  o f  200 deg. F.  w i t h  approx ima te ly  
1 . 5  pounds of CO2 p e r  i n c h  of weld impinged on t h e  weld seam 
1 0  i n c h e s  behind t h e  t o r c h .  A t y p i c a l  t he rma l  p a t t e r n  f o r  
t h i s  system i s  shown i n  Figure 15 .  Th i s  p a t t e r n  r e p e a t e d l y  
produced p a n e l s  w i t h  low warpage and w i t h  l o n g i t u d i n a l  
r e s i d u a l  s t resses  o f  l e s s  than o n e - t h i r d  o f  t h e  normal.  
Work f o r  f u r t h e r  r e f i n e m e n t  of t h i s  combined system could  
n o t  b e  accomplished w i t h i n  t h e  l i m i t s  on t h i s  p r o j e c t .  
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E f f e c t  of Thermal P a t t e r n  on  WarDaize .- A s  shown i n  
Table  I ,  i t  w a s  p o s s i b l e  t o  produce unwarped p a n e l s  e i t h e r  
w i t h  o r  w i thou t  t h e  u s e  o f  any o f  t h e  systems f o r  changing 
t h e  the rma l  p a t t e r n ;  however, r e p e a t a b i l i t y  w a s  ex t r eme ly  
low f o r  a l l  e x c e p t  t h e  combined c h i l l i n g  and h e a t i n g  systems 
as i n d i c a t e d  by t h e  v a r i a t i o n  from maximum t o  minimum. I t  
i s  concluded t h a t  t h e  d e g r e e  o f  warpage i s  ex t r eme ly  s e n s i -  
t i v e  t o  minor v a r i a t i o n s  i n  welding parameters, and i n  o r d e r  
t o  " d e - s e n s i t i z e , "  i t  i s  n e c e s s a r y  t o  d i s t r i b u t e  p l a s t i c  
y i e l d i n g  over  a wider  area o f  t h e  weldment by s p r e a d i n g  
t h e  i so the rms  around t h e  weld puddle  w h i l e  c r e a t i n g  e l a s t i c  
s t r a i n s  i n  such l o c a t i o n s  as t o  c o u n t e r a c t  t h e  the rma l  
s t r a i n s  c r e a t e d  by t h e  welding o p e r a t i o n .  
E f f e c t  of  Thermal P a t t e r n  on  R e s i d u a l  Stresses.  - A l l  
o f  t h e  systems f o r  a l t e r i n g  t h e  the rma l  p a t t e r n  were e f f e c t i v e  
t o  some degree  i n  r e d u c i n g  t h e  r e s i d u a l  s t resses  as compared 
t o  t h o s e  p r e s e n t  i n  u n c h i l l e d  weld p a n e l s .  However, 
c h i l l i n g  a l o n e  produced a maximum o f  50 p e r c e n t  r e d u c t i o n  
i n  t h e  l o n g i t u d i n a l  r e s i d u a l  s t ress ,  w h i l e  c h i l l i n g  com- 
b ined  w i t h  a u x i l i a r y  h e a t i n g  reduced  t h e s e  stresses as 
much as  95 pe rcen t  as  shown i n  Tab le  11. 
E f f e c t  of  Thermal P a t t e r n  on  T e n s i l e  P r o D e r t i e s .  - 
Although only  l i m i t e d  t e s t i n g  w a s  performed,  i t  w a s  i n d i c a t e d  
t h a t  t e n s i l e  y i e l d  s t r e n g t h s  were improved through c h i l l i n g  
by amounts r ang ing  between 10  and 2 0  p e r c e n t .  Th i s  i s  i n  
agreement with t h e  f i n d i n g s  o f  work performed under 
C o n t r a c t  NAS8-11930. Typ ica l  p r o p e r t i e s  are shown i n  
Table  111. 
E f f e c t  of  A u x i l i a r y  Hea t ing  on  M e t a l l u r p i c a l  S t r u c t u r e  
o f  C h i l l e d  Welds.- A s  shown i n  F i g u r e  1 6 ,  t h e r e  are 
no n o t i c e a b l e  a d v e r s e  e f f e c t s  caused  by p r e h e a t i n g  o f  t h e  
pane l  d u r i n g  t h e  welding o p e r a t i o n .  T h i s ,  i n  c o n j u n c t i o n  
w i t h  t h e  improved t e n s i l e  p r o p e r t i e s ,  i n d i c a t e s  t h e  
a u x i l i a r y  h e a t  a c t u a l l y  causes  a f a v o r a b l e  m e t a l l u r g i c a l  
c o n d i t i o n .  
E f f e c t  on C h i l l i n g ;  on P o r o s i t y . -  Except f o r  welds 
c h i l l e d  from t h e  back s i d e  w i t h  t h e  c i r c u l a r  man i fo ld  
sys tem,  t h e r e  w a s  no ev idence  t h a t  a l t e r i n g  t h e  thermal  
p a t t e r n  a f f e c t s  p o r o s i t y  a d v e r s e l y .  Some c h i l l e d  welds  
c o n t a i n e d  small  amounts of  f i n e  p o r o s i t y  b u t  t h i s  w a s  
30 
I 
Figure 14. Typical Thermal Pattern for Panels Welded with Circular CO, Chilling System 
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Figure 15. Typical Thermal Pattern for Panels Welded with Trailing CO, Chi 
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TABLE I . E f f e c t  o f  Thermal P a t t e r n  on  Warpage 
~ 
P r i n c  i p a l  F a c t o r s  
P roduc ing  Thermal 
P a t t e r n  
U n c h i l l e d  
C h i l l e d  Only- 
F r o n t  S i d e  
C h i l l e d  Only - 
Back S i d e  





- .08  
-1.2 














-0 .8  
-0.8 
+o. 2 






1. Minus s i g n  ( -1  i n d i c a t e s  d i r e c t i o n  o f  bow 
o r  peak i s  away from f a c e  o f  weld; p l u s  s i g n  (+> 
i n d i c a t e s  bow o r  peak i s  toward f a c e  o f  weld. 
Note t h a t  t h e  bow i s  r e v e r s e d  when combined 
c o o l i n g  and a u x i l i a r y  h e a t i n g  are used t o  
change thermal  p a t t e r n .  
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+20 , 500 

















- 3  , 000 
-1,600 




i-21 , 000 
+12 , 000 
+15,000 
+ 3 , 0 0 0  
1. Plus sign (+> indicates residual stress 
in tension; minus sign ( - >  indicates 
residual stress in compression. Strain 
gages placed in the center of the weld seam. 
Trans. 
-7 , 000 
-7  , 500 
-5 , 000 
-2 , 000 
TABLE 111. Effect of Thermal Pattern on Tensile Properties 













2 7 , 9 0 0  
2 6 , 3 0 0  
3 5 , 3 0 0  
3 0 , 0 0 0  
34  4 0 0  








U1 t imate 
(psi) 
42 100 
4 2 , 1 0 0  
45 500  




5 . 0  
5 . 0  
5 . 0  
4 . 0  
Typical 
5 6 , 0 0 0  
3 4 , 0 0 0  ( 2 )  
4 . 0  
3 .5  
1. Two-inch gage length. 
2 .  Gross porosity in weld. 
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a. CO1-chilled only during welding 
b. Preheated and CO2-chilled during welding 
Figure 16. Macrosections Showing Effect of Auxiliary 
Heating on Con-chilled Welds 
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. I  
a t t r i b u t e d  t o  con taminan t s  on t h e  s u r f a c e  o f  t h e  welding 
w i r e  as p o r o s i t y  appeared  i n  b o t h  c h i l l e d  and u n c h i l l e d  
welds  made d u r i n g  t h e  same in t e rva l .  I n  g e n e r a l ,  p o r o s i t y  
i n  c h i l l e d  welds w a s  s m a l l e r  i n  q u a n t i t y  and s i z e  t h a n  t h a t  
i n  u n c h i l l e d  welds .  
E f f e c t  o f  R e s t r a i n t  
A l i m i t e d  s t u d y  w a s  made t o  de t e rmine  t h e  e f f e c t  o f  
r e s t r a i n t  on warpage and r e s i d u a l  stresses.  A s  shown i n  
Tab le  I V ,  r e s i d u a l  s t ress  i s  a p p a r e n t l y  i n v e r s e l y  propor-  
t i o n e d  t o  t h e  amount o f  r e s t r a i n t  imposed. There i s  a l s o  
d e f i n i t e  ev idence  t h a t  t h e  degree  o f  warpage i s  reduced  
by r e s t r a i n t ;  which o f  cour se ,  a g r e e s  w i t h  c o n v e n t i o n a l  
weld ing  p r a c t i c e .  I n  an  e f f o r t  t o  s i m u l a t e  S a t u r n  welding 
c o n d i t i o n s ,  an i n t e r m e d i a t e  d e g r e e  o f  r e s t r a i n t  w a s  
s e l e c t e d  f o r  performance o f  the f i n a l  e x p e r i m e n t a l  work 
i n  t h i s  program (combined c h i l l i n g  and a u x i l i a r y  h e a t i n g ) .  
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TABLE IV. E f f e c t  o f  R e s t r a i n t  on Warpage and R e s i d u a l  S t r e s s  
R e s t r a i n t  
None 
2 S i d e s  
4 S i d e s  
None 
2 S i d e s  
None 
2 S i d e s  
Type of  
C h i l l i n g  System 
U n c h i l l e d  
F r o n t - T r a i l i n g  
Back-C i r c u l a r  
Warpage 


















R e s i d u a l  S t r e s s  



















1. P l u s  s i g n  (+> i n d i c a t e s  t e n s i l e  s t ress ;  
minus s i g n  ( -1  i n d i c a t e s  compress ive  
s t ress .  S t r a i n  gages  p l aced  i n  c e n t e r  
o f  weld seam. 
V I .  DISCUSSION OF RESULTS 
The e l a s t i c - p l a s t i c  s t r a i n  r e l a t i o n s h i p s  d u r i n g  welding 
are ex t r eme ly  complex inasmuch as t h e y  are i n f l u e n c e d  by a 
g r e a t  many v a r i a b l e s ,  most of which are  dependent .  I n  s p i t e  
o f  t h i s  complex i ty ,  t h e  r e s u l t s  o f  t h e  work performed under 
t h i s  c o n t r a c t  d e f i n i t e l y  proved t h e  f e a s i b i l i t y  o f  a p p l y i n g  
t h e  concep t  o f  b a l a n c i n g  thermal  s t resses  d u r i n g  welding t o  
c o n t r o l  d i s t o r t i o n  and r e s i d u a l  stresses.  The optimum 
the rma l  p a t t e r n  f o r  a s p e c i f i c  weldment can be developed 
th rough  a combinat ion o f  t h e o r e t i c a l  and e m p i r i c a l  methods. 
Undoubtedly,  a f t e r  s u f f i c i e n t  e m p i r i c a l  d a t a  have been 
g e n e r a t e d ,  i t  w i l l  be p o s s i b l e  to' e s t a b l i s h  a p a t t e r n  f o r  a 
proposed weldment e n t i r e l y  upon t h e  b a s i s  o f  mathemat ica l  
formulae .  However, i n  t h e  meantime, i t  w i l l  be  n e c e s s a r y  
t o  e s t a b l i s h  t h e s e  p a t t e r n s  f o r  impor t an t  weldments on t h e  
b a s i s  o f  a n a l y s i s  o f  p a t t e r n s  deve loped  e x p e r i m e n t a l l y  on 
s i m u l a t e d  p a r t s .  
I t  i s  also n e c e s s a r y  t h a t  f u r t h e r  work be  performed t o  
improve the mechanical  means of  a l t e r i n g  the rma l  p a t t e r n s  
even though t h e  systems developed d u r i n g  t h i s  program can 
be used  w i t h  a f a i r  d e g r e e  of r e l i a b i l i t y  and r e p e a t a b i l i t y .  
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APPENDIX A. ANALYTICAL STUDY OF THEORETICAL PATTERNS 
S e l e c t i o n  o f  Approach 
The approach adopted  fo r  Phase  I o f  t h e  program w a s  
t o  u s e  e m p i r i c a l  d a t a  developed under  C o n t r a c t  NAS8-11930 
as t h e  s t a r t i n g  p o i n t  f o r  c a l c u l a t i o n  o f  t h e  thermal 
p a t t e r n s  i n  Phases  I1 and 111. 
S e l e c t i o n  of E m p i r i c a l  Data 
Data developed f o r  two weld p a n e l s  made under  C o n t r a c t  
NAS8-11930 were s e l e c t e d  as t h e  b a s i s  f o r  c a l c u l a t i o n .  
These weld p a n e l s  were f a b r i c a t e d  by j o i n i n g  two p i e c e s  o f  
48 x 6 x 5 /16- inch  2014-T6 aluminum p l a t e  i n  t h e  h o r i z o n t a l  
p o s i t i o n  u s i n g  t h e  DC-SP TIG weld ing  p r o c e s s .  Both. p a n e l s  
were welded i n  one  p a s s  adding 3 /64- inch  d i a m e t e r  2319 
f i l l e r  w i r e .  Minimum r e s t r a i n t  w a s  used d u r i n g  welding.  
One pane l  w a s  welded wi thout  c h i l l i n g  and t h e  o t h e r  pane l  
w a s  l o c a l l y  c h i l l e d  by impingement o f  l i q u i d  CO2 j e t s  on  
t h e  f r o n t  s i d e  o f  t h e  weldment d u r i n g  t h e  weld ing  o p e r a t i o n .  
Welding parameters, c h i l l i n g  d a t a  and f l a t n e s s  measurements 
are shown i n  Table  A- I  and  the  the rma l  p a t t e r n s  a re  d e p i c t e d  
i n  F i g u r e  A-1 .  
C a l c u l a t i o n  o f  Targe t  Thermal P a t t e r n  
ADDroach.- By u s i n g  the  d a t a  from t h e  welds  d e p i c t e d  i n  
Tab le  A - I ,  h e a t  f l o w  c o n s t a n t s  p e r t a i n i n g  t o  t h e  s p e c i f i c  
s e t u p  t o  be used f o r  welding e x p e r i m e n t a l  p a n e l s  were 
e s t a b l i s h e d  e m p i r i c a l l y  pending f u r t h e r  work t o  p e r m i t  
ma themat i ca l  d e t e r m i n a t i o n  through computer a n a l y s i s  a f t e r  
s u f f i c i e n t  a d d i t i o n a l  d a t a  can be o b t a i n e d .  
The f i r s t  t he rma l  p a t t e r n  t o  be used f o r  e x p e r i m e n t a l  
work w a s  based on a l t e r a t i o n  o f  h e a t  e x t r a c t i o n  a t t a i n e d  
f o r  weld panel  2ACFW8261. A d d i t i o n a l  amounts o f  l i q u i d  
C O 2  were used t o  r e d u c e  the area o f  metal h e a t e d  t o  a 
t e m p e r a t u r e  above 100 deg. F. t o  t h e  minimum p e r m i t t e d  by 
t h e  p h y s i c a l  d imens ions  o f  t h e  s h i e l d i n g  d e v i c e  and t o  lower 
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TABLE A - I .  Welding Parameters 
2AUW8234 2AC FW 8 2 6 1 
( u n c h i l l e d )  ( c h i l l e d )  
Amperage 
Vo l t age  
Welding Speed 
Wire Feed Speed 
C O 2  J e t  System 
Lb. C 0 2 / i n 0  o f  Weld 
L o n g i t u d i n a l  Bow 
( i n . / 4 8 i n c h e s )  
Peak ing  ( d e g r e e s )  
L a t e r a l  Shr inkage  ( i n  1 - i n .  
a c r o s s  weld seam) 
210 
1 2 . 5  
11.0 i n . / m i n .  
80.0 i n . /min .  
5 / 8  
2 . 3  
1 / 6 4 - i n .  
215 
12 .0  
7 . 0  i n . /min .  
80.0 in . /min .  
No. 19 
1 . 2 7  l b / i n .  
0 
0.5 
1 / 6 4 - i n .  
s u f f i c i e n t  a r e a s  o f  t h e  weld panel  t o  a t e m p e r a t u r e  o f  
-100 deg.  F.  I n  t h i s  way, s h r i n k a g e  due t o  weld metal 
s o l i d i f i c a t i o n  and thermal  c o n t r a c t i o n  could  be  c o u n t e r -  
bananced by subsequent  expans ion  o f  t h e  c h i l l e d  areas t o  
r educe  s t r e s s e s  t o  z e r o .  F i g u r e  A-2 shows t h e  p a t t e r n  
o b t a i n e d  f o r  weldment 2ACFW8261 superimposed on  t h e  area 
i n  which c h i l l i n g  below 100 deg. F.  i s  n o t  p o s s i b l e  due 
t o  t h e  p h y s i c a l  l i m i t a t i o n s  o f  t h e  s h i e l d i n g  d e v i c e  ( 2 - i n .  
c e n t e r  o f  the  weld p u d d l e ) .  While i t  may n o t  b e  p o s s i b l e  
t o  produce t h i s  p a t t e r n  i n  t h e  e x a c t  p r o p o r t i o n s  shown, 
p r e v i o u s  work i n d i c a t e d  t h a t  z e r o  d e g r e e  t e m p e r a t u r e s  a t  
a d i s t a n c e  o f  3 / 4 - i n .  from t h e  weld c e n t e r l i n e  a r e  
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LEGEND 
---- UNCHILLED WELD PANEL 2AUW8234 
C02 CHILLED WELD PANEL 2ACFW8261 
Figure A-1. Comparison of Thermal Patterns for Unchilled Weld and C02 Chilled Welds 
(Jet System No. 19) in 5/16-in. Thick Aluminum Plate 45 
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Using t h i s  proposed p a t t e r n ,  t h e  a d d i t i o n a l  amount o f  
l i q u i d  C 0 2  c o o l i n g  r e q u i r e d  t o  c o u n t e r b a l a n c e  s h r i n k a g e  
i s  c a l c u l a t e d  as shown i n  the f o l l o w i n g  pa rag raphs :  




P = d e n s i t y  o f  aluminum p l a t e  = 0.090 l b / i n .  
C = s p e c i f i c  h e a t  o f  p l a t e  = 0.025 B t u / l b .  
v = volume o f  metal t o  be  c h i l l e d  t o  -10O0F. 
T = t e m p e r a t u r e  change = 200°F. (lOO°F. t o  -.1OO0F.) 
H = s e n s i b l e  h e a t  o f  l i q u i d  C02 = 139 B t u / l b .  
E = c h i l l i n g  e f f i c i e n c y  o f  l i q u i d  C02 j e t  system = 50% 
lb. o f  l i q u i d  C 0 2  r e q u i r e d  p e r  i n .  o f  weld. 
3 
V = volume o f  metal c h i l l e d  t o  -10O0F. 
= l e n g t h  o f  p l a t e  2 - i n .  wide c h i l l e d  t o  -10O0F. 
t o  c o u n t e r a c t  t r a n s v e r s e  s h r i n k a g e .  Lt 
= l e n g t h  o f  p l a t e  2 - in .  wide c h i l l e d  t o  -100'F. 
t o  c o u n t e r a c t  l o n g i t u d i n a l  s h r i n k a g e .  
L1 
t = t h i c k n e s s  o f  p l a t e  
L e  = l e n g t h  o f  p l a t e  2 - i n .  wide c h i l l e d  t o  -lOO°F. 
t o  c o u n t e r a c t  t r a n s v e r s e  o r  l o n g i t u d i n a l  s h r i n k a g e .  
al = c o e f f i c i e n t  o f  thermal expans ion  of  p l a t e  i r _  
t h e  r a n g e  o f  -100'F. t o  +lOO°F. 
= 1 2  x 10-6 i n .  p e r  i n ,  p e r  deg. F. 
= t o t a l  l i n e a r  sh r inkage  o f  t h e  p l a t e  p o r t i o n  
h e a t e d  d u r i n g  welding. 
TO-T1= 
= 
a v a i l a b l e  tempera ture  change = Z O O O F .  
t e m p e r a t u r e  t o  which area i s  t o  b e  c h i l l e d  -10O0F. T1 
= t e m p e r a t u r e  o f  area b e f o r e  a p p l y i n g  a d d i t i o n a l  
c h i l l i n g  = +lOO°F. Ta 
s = X p  
W - ( 4 )  
= s h r i n k a g e  o f  weld m e t a l  i n  changing from l i q u i d  
t o  s o l i d  a t  room t empera tu re .  
s W  
= wid%h o r  l e n g t h  o f  weld puddle  x1 
S = c o e f f i c i e n t  o f  l i n e a r  s h r i n k a g e  - 0.05 
S = X a (T - To)  
P 2 2  a 
( 5 )  
S = s h r i n k a g e  o f  aluminum p l a t e  i n  c o o l i n g  from 
P t e m p e r a t u r e  a t t a i n e d  d u r i n g  weld ing  t o  100°F. 
= c o e f f i c i e n t  o f  thermal  expans ion  o f  p l a t e  t h e  
r ange  o f  T t o  To. 
from Ta t o  To. 
2 a 
a 
= l e n g t h  o f  2- in .  wide s t r i p  t o  p l a t e  cooled  x2 
= a v e r a g e  t e m p e r a t u r e  of h e a t e d  area o f  p l a t e .  
= 
a T 
f i n a l  t e m p e r a t u r e  of p l a t e  = +lOO°F. TO 
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= c o e f f i c i e n t  o f  t he rma l  expans ion  o f  p l a t e  
coo led  from Tb t o  To. a3 
X3 = l e n g t h  o f  2 - in .  wide s t r i p  o f  p l a t e  t o  be 
coo led  from Tb t o  T o .  
= ave rage  t e m  e r a t u r e  o f  h e a t e d  a r e a  o f  Tb p l a t e  = 300 8 F. 
= f i n a l  t e m p e r a t u r e  o f  p l a t e  = 1 0 0 ' ~ .  
T O  
s = s, + s, + s r  ( 7 )  
S = t o t a l  l i n e a r  s h r i n k a g e  o f  t h e  p o r t i o n  o f  p l a c e  
h e a t e d  d u r i n g  weld ing .  
C a l c u l a t i o n s  f o r  Balanc ing  Transve r se  Shr inkage  
T o t a l  L i n e a r  Sh r inkage .  - 
s = s w + s  4 - s  r 
P 
X1 = 0.25 i n .  
S = 0.05 
X2 = 2.0 i n .  
( 7 )  
a = 14  x 10-6 i n .  p e r  i n .  p e r  deg. F. 
Ta = 1000°F. 
T = 100OF. 
2 
0 
sr  = 0 
= 0.250 x 0.05 + 2.0 x 14 x 10-6 x 900 
= 0.0125 c 0.0252 = 0.0377 i n .  t o t a l  l i n e a r  
s h r i n k a g e  t r a n s v e r s e  t o  the weld. 
Area t o  be  C h i l l e d  t o  -lOO°F. t o  C o u n t e r a c t  T r a n s v e r s e  
Shr inkage .  - 
C 
= 1 2  x 1 0 - 6  i n .  p e r  i n .  p e r  deg.  F. al 
S = 0.0377 i n .  
To = -i-10O0F. 
T1 = -100OF. 
L e  = 0.0377 
2 x 1 2  x 10-6 x 200 = 8 - i n .  l o n g  s t r i p  
2 - in .  wide ( o r  4 i n c h e s  on each  s i d e  o f  
t h e  weld) .  
CO Requi red .  - 2 
T 
C 0 2  = PCVT 
H E  
= 0.090 x 0.25 x 8 x 2 x 0.312 x 200 
139 x 0.5 
= 0.33  l b . / p e r  i n .  o f  weld r e q u i r e d  t o  
coun te rba lance  t r a n s v e r s e  s h r i n k a g e .  
C a l c u l a t i o n s  f o r  Balancing L o n g i t u d i n a l  Sh r inkage  
T o t a l  L i n e a r  Shr inkage . -  
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t 
x = 0 .5  
s = 0.05 
1 
X3 = 2 .5  i n .  
x2 = 2.0 i n .  
= 1 4  x 10-6 i n .  
p e r  i n .  p e r  deg.  F. 
a 2  
= 12.5  x 10-6 i n .  Ta = 1000°F. 
p e r  i n .  p e r  deg. F. a3 
T b  = 300° F. 
To = looo  F. 
= 0 .5  x 0.05 +- 2 . 0  x 1 4  x 10-6 x (1000 - 100) 
+ 2.5  x 1 2 . 5  x 10-6 (300 - 100) 
= 0.025 + 0.0252 + 0.006 = 0.056-in.  t o t a l  l o n g i -  
t u d i n a l  s h r i n k a g e .  
Co un t e r  a c t Lo n g i  t ud i n a l  0 Area t o  be  C h i l l e d  t o  -100 F. t o  
Shr ink=.  - 
S 
S = 0.056- in .  
( 3 )  
= 1 2  x 10-6 i n .  p e r  i n .  p e r  deg. F. al 
To = +lOO°F. 
T1 = -100'F. 
I = 1 2  i n .  l o n g  s t r i p  2 - in .  wide 
2 x 1 2  x 10-6 x 111.1 
t 
C 0 2  Required 
C 0 2  = PCVT 
HE 
= 0.090 x 0.75 x 12 x 2 x 0.317, x 111.1 
= 0.49-lb. p e r  i n c h  o f  weld t o  c o u n t e r b a l a n c e  
l o n g i t u d i n a l  s h r i n k a g e .  
C h i l l i n g  System Design 
Based on c a l c u l a t i o n s  shown under p r e c e d i n g  "C02  
Requi red ,"  t h e  j e t  system used t o  produce weld panel  
2ACFW8261 w a s  mod i f i ed  i n  accordance  w i t h  t h e  schemat i c  
drawing  shown i n  F i g u r e  A-3. T h i s  j e t  system would p r o -  
v i d e  c h i l l i n g  t o  t h e  f r o n t  s i d e  o f  t h e  weld u s i n g  a . f i n e  
w i r e  b r u s h  as a s l i d i n g  s h i e l d  t o  keep  CO 
i n c l u d e d  p r o v i s i o n s  f o r  making a d j u s t m e n t s  t o  change t h e  
t h e r m a l  p a t t e r n  as r e q u i r e d  t o  accompl ish  t h e  o b j e c t i v e s  
o f  t h e  program.'  Redesign f o r  s t a b i l i t y  d u r i n g  o p e r a t i o n  
and r e p r o d u c i b i l i t y  o f  c h i l l i n g  pa rame te r s  w a s  a l s o  p e r -  
formed. 
o u t  o f  t h e  arc.  
Ac tua l  d e s i g n  o f  t h e  new j e t  system and s E i e l d i n g  d e v i c e  
53 
I - m  






































E x i s t i n g  equipment w a s  modi f ied  f o r  weld ing  tes t  p a n e l s  
from one s i d e  i n  t h e  h o r i z o n t a l  p o s i t i o n .  
ment c o n s i s t e d  o f  a Mi l le r  Model 600/1200 Power Supply ,  a 
Miller High Frequency U n i t ,  a Berkeley-Davis  S i d e  B e a m  and 
C a r r i a g e  System, an  Airco TIG Welding Torch and Wire Feed 
System ( w i t h  mounting b r a c k e t s ) ,  a f i x t u r e  f o r  48- in .  x 1 2 - i n .  
weld p a n e l s ,  a c ryogen ic  j e t  s p r a y  system w i t h  s u i t a b l e  
b r a c k e t s  and a t t a c h m e n t s  f o r  mounting t h e  c h i l l i n g  systems. 
The b a s i c  equip-  
Welding Po w e r  SuDplv .- A Miller Duplex Welder,  Model 
No. 600/1200 (d-c  r e c t i f i e r - t y p e ) ,  w i t h  superimposed h i g h  
f r equency ,  w a s  used t o  supply t h e  welding c u r r e n t .  
S i d e  B e a m  and C a r r i a p e  System.- A 1 2 - f t .  Berkeley-  
Davis System Model No. TC4 was mounted on a r e c t a n g u l a r  
s u p p o r t  frame which was anchored t o  t h e  f l o o r .  S i d e  beam 
c a r r i a g e  speed w a s  c o n t r o l l e d  by an  E l e c t r o n i c  Governor 
(Model EG-3) f o r  t r a v e l  speeds r a n g i n g  from 4.4 t o  72.01 
i n c h e s  p e r  minute .  
Welding Torch.-  An Airco P r o x i m i t y  C o n t r o l ,  Model 
HMH-F Heliweld U n i t ,  w i t h  m e t a l l i c  n o z z l e s  o f  5 / 8 - i n .  and 
1 / 2 - i n .  o r i f i c e s ,  w a s  adapted f o r  semi-automatic  welding 
u s i n g  5/32 and 3 /16 - in .  two-percent t h o r i a t e d  t u n g s t e n  
e l e c t r o d e s .  
Wire Feed.- An Airco f i l l e r  w i r e  f e e d  w i t h  w i r e  
p o s i t i o n e r  w a s  i n s t a l l e d  on the c a r r i a g e  system and f i t t e d  
f o r  3 /64  and 1 / 1 6 - i n .  w i r e .  
P a n e l  F i x t u r e . -  The f i x t u r e  f o r  p o s i t i o n i n g  t h e  weld 
p a n e l s  i n  t h e  h o r i z o n t a l  p o s i t i o n  c o n s i s t e d  o f  a frame 
f a b r i c a t e d  from 3 x 3 x 1 / 4 - i n .  s t a i n l e s s  s t e e l  a n g l e  i r o n  
w i t h  a t ' f r ee"  area o f  4 inches  on each  s i d e  o f  t h e  weld 
c e n t e r l i n e .  The p a n e l s  were clamped t o  t h e  f i x t u r e  by 
means o f  a n g l e  clamps f o r  "un res t r a ined"  we ld ing ;  o r  t h e y  
were b o l t e d  t o  t h e  s t a i n l e s s  s t e e l  frame t o  p rov ide  r e s t r a i n t .  
The frame w a s  h e l d  i n  s i d e  mounts which are  independen t ly  
a d j u s t a b l e  t o  e n a b l e  p r e c i s e  a l ignmen t  o f  t h e  weld seam. 
5 5  
C h i l l i n g  S y s t e m s  and Hea t ing  - -  Systems.-  F i g u r e s  B - 1  
t h rough  B-4.show t h e  v a r i a t i o n s  o f  t h e  c h i l l i n g  and h e a t i n g  
sys tems used f o r  t h e  expe r imen ta l  work. Je ts  o f  v a r i o u s  
o r i f i c e  s i z e ,  f l e x i b l e  h o s e ,  and l i q u i d  CO2 i n  250-lb.  t a n k s  
were used i n  c o n j u n c t i o n  w i t h  t h e s e  systems.  An a t t achmen t  
b r a c k e t  f o r  p o s i t i o n i n g  t h e  j e t s  w a s  mounted on t h e  weld 
c a r r i a g e  system f o r  u s e  on e i t h e r  t h e  f r o n t  o r  back s i d e  o f  
t h e  weld. The l o c a t i o n  and number o f  j e t s  were a d j u s t a b l e .  
I n s t r u m e n t a t i o n  
Welding Speed .- An. o p t i c a l  t achomete r ,  u t i l i z i n g  l i g h t  
r e f l e c t i o n s  from t h e  c a r r i a g e  d r i v e  motor s h a f t ,  w a s  used 
t o  mon i to r  welding speed.  The r e f l e c t e d  l i g h t  i s  d i r e c t e d  
i n t o  a p h o t o c e l l  from which a s i g n a l  i s  c o n v e r t e d  i n t o  r evo-  
l u t i o n s  p e r  minute  by a. Hewlet t -Packard Frequency Meter, 
Model 500C. Th i s  motor speed i s  t h e n  c a l i b r a t e d  i n  t e r m s  
o f  t rave l  speed i n  i n c h e s  p e r  minu te .  
W e l m e  C u r r e n t  .- A Weston D-C Ammeter, Model 1, w i t h  a 
750-amp. shunt  w a s  i n s t a l l e d  i n  t h e  workpiece ground l e a d ,  
which, i n  con junc t ion  wi th  a Weston D-C Vol tmeter  Model 1, 
m o n i t o r s  t h e  welding c u r r e n t .  
1R .- A Model RA-1152-60 S ix -channe l  
Brush Recorder w a s  used f o r  r e c o r d i n g  weld p a n e l  t e m p e r a t u r e s .  
The Brush Recorder i s  composed o f  one  Model RD-2662-00 
Chart Recorder ,  s i x  Model RD-5612-00 A m p l i f i e r s  and s i x  
Model RA-5212-00 I n p u t  Boxes. 
R e s i s t a n c e  Thermometers.- BLH E l e c t r o n i c s '  Type 
RTPW-28-5 Plat inum R e s i s t a n c e  Thermometers were used i n  
c o n j u n c t i o n  wi th  t h e  Brush Recorder  f o r  measur ing  weld 
p a n e l  t empera tu res .  
S t r a  i n  I n d i c a t o r  o -  A BLH E l e c t r o n i c s  Type N S t r a i n  
I n d i c a t o r  was used i n  c o n j u n c t i o n  w i t h  s t r a i n  gages  f o r  
measur ing .  r e s i d u a l  stresses.  
S t r a i n  Gages. - BLH E l e c t r o n i c s  SR-4, Type A - 7 ,  S t r a i n  
Gages were used f o r  t h e  major  p o r t i o n  o f  t h e  work. During 
the l a t t e r  p a r t  o f  t h e  program, t h e  adhes ive-backed  Budd 
Type  C12-142B M e t a l f i l m  S t r a i n  Gages were used inasmuch as 
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Figure 8-3. Chilling Systems -Circular 
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Figure 6-4. Auxiliary Heating' Systems 
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APPENDIX D .  S A S I C  STUDIES OF THE EFFECTS OF C 0 2  C H I L L I N G  ON 
THERMAL STRAINS CAUSED BY T I G  WELDING 
S e r i e s  1 
A l i m i t e d  number o f  tes ts  were performed u s i n g  t h e  
e x p e r i m e n t a l  c o n f i g u r a t i o n  shown i n  F i g u r e  D-1. Purpose  
o f  t h e s e  t es t s  w a s  t o  de te rmine  i f  p rac t i ca l  c r y o g e n i c  
c o o l i n g  cou ld  overcome thermal expans ion  produced by T I G  
weld ing .  
P rocedure . -  Spotweld h e a t  i n p u t  w a s  s t a r t e d  s i m u l t a n -  
e o u s l y  w i t h  a d j a c e n t  l i q u i d  C 0 2  f low.  
were n o t e d ,  and a p o s i t i v e  i n d i c a t i o n  s i g n i f i e d  more thermal  
c o n t r a c t i o n  t h a n  expans ion  near  t h e  bottom edge ;  n e g a t i v e  
i n d i c a t i o n  meant more expansion t h a n  c o n t r a c t i o n .  
D i a l  i n d i c a t i o n s  
I t  w a s  n o t e d  t h a t  d e f l e c t i o n s  cou ld  be  c o n t r o l l e d  by 
r e g u l a t i n g  t h e  C 0 2  f l ow a d j a c e n t  t o  t h e  h e a t e d  area. 
S e r i e s  2 
A second se r ies  of  t e s t s  u s i n g  t h e  expe r imen ta l  s e t u p  
shown i n  F i g u r e  D - 2  were conducted i n  an a t t e m p t  t o  o v e r -  
come t r a n s v e r s e  weld c o n t r a c t i o n  by a d j a c e n t  s imul t aneous  
c o o l i n g  w i t h  l i q u i d  C 0 2 .  
w a s  assumed t o  be d i r e c t l y  r e l a t e d  t o  r e s i d u a l  s t ress  and 
warpage. 
The amount of  weld c o n t r a c t i o n  
P rocedure . -  Welding t h e  one - inch  l e n g t h  ( a s  shown i n  
f i g u r e  D-2) w a s  accomplished s i m u l t a n e o u s l y  w i t h  a d j a c e n t  
c o o l i n g .  
A p o s i t i v e  d i a l  r e a d i n g  a f t e r  t h e  weld cooled  t o  ambient  
t e m p e r a t u r e  i n d i c a t e d  c o n t r a c t i o n  o f  t h e  weld.  
The d i a l  w a s  s e t  a t  z e r o  b e f o r e  t h e  weld o p e r a t i o n .  
Tab le  D - I  shows r e s u l t s  o f  t h e  b a s i c  t e s t s  o f  Ser ies  2 .  
I t  a p p e a r s  from t h e s e  r e s u l t s  t h a t  t h e r e  i s  c o n s i d e r a b l e  
b e n e f i t  t o  be g a i n e d  from c o n t r a c t i n g  t h e  p l a t e  a d j a c e n t  
t o  t h e  weld thermal  expansion.  
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d DIAL  MICROMETER 
4 
+5/16-IN. ALUM PLATE 
1 2  ,I 
SUPPORT (2014 T6) 
SUPPORT 
LIQUID CO2 COOLING 
TIG WELD SPOT 
NOTE: DIMENSIONS ARE INCHES 




JET SIZE - 
NOTE: DIMENSIONS ARE INCHES 
Figure D-2. Experimental Setup for Series 2 Tests 
c 
TABLE D - I .  R e s u l t s  o f  S e r i e s  2 T e s t s  
T e s t  
S e r i e s  3 










+ .013 Uncooled 
+ .003 Uncooled 
+ .007 Un co o 1 ed 
- .001 Cooled ( f i l l e r  w i r e - p u l l e d  p l a t e )  
- .005 Cooled ( f r o n t  s i d e )  
Void F i l l e r  Wire Hung 
- .008 Cooled (back  s i d e )  
4- .009 Unco o 1 ed 
On t h e  b a s i s  o f  o t h e r  f a v o r a b l e  i n d i c a t i o n s ,  t h e  
expe r imen ta l  s e t u p  shown i n  F i g u r e  D - 3  w a s  d e v i s e d  i n  an  
a t t e m p t  t o  accomplish l a r g e r  scale r e d u c t i o n  i n  weld con- 
t r a c t i o n  r e a c t i o n s .  A more c o n t r o l l e d  system o f  l i q u i d  
C 0 2  h a n d l i n g  w a s  c r e a t e d  fo r  t h i s  exper iment .  
P r0 cedu re.- The p l a t e s  were b o l t e d  t o  t h e  s t a i n l e s s  
s tee l  frame ( f i g u r e  D-3). 
on e i t h e r  s i d e  o f  t h e  w e l d ,  t h e  TIG’welding w a s  performed 
semi -au tomat i ca l ly .  The t o p  b o l t  w a s  r e l e a s e d  which a l lowed 
t h e  p l a t e  t o  expand o r  c o n t r a c t .  R e a c t i o n s  were i n d i c a t e d  
on the d i a l  micrometer .  SR-4 s t r a i n  gages were a p p l i e d  t o  
some s a m p l e s  i n  t h e  t r a n s v e r s e  d i r e c t i o n  and a 2 x 2- in .  
s q u a r e  c u t o u t  w a s  made to  de termine  r e s i d u a l  s tress p r e s e n t  
i n  t h i s  d i r e c t i o n .  
S imul taneous  w i t h  C 0 2  c o o l i n g  
Conclus i o n s . -  Although variances i n  the d a t a  o b t a i n e d  
from t h i s  exper iment  were s u b s t a n t i a l  i n  some cases, a g a i n ,  
a r e d u c t i o n  i n  c o n t r a c t i o n  was i n d i c a t e d  d u r i n g  t h e  l a t t e r  
phase  of  the tes t  when an i n c r e a s e d  area w a s  c o o l e d ,  See 
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This  series w a s  conducted i n  an  a t t e m p t  t o  a p p l y ,  
t o  l a r g e r  scale a p p l i c a t i o n s ,  t h o s e  f a c t o r s  which produced 
f a v o r a b l e  i n d i c a t i o n s  i n  p a s t  tes ts .  
used f o r  back s i d e  c ryogen ic  c o o l i n g  are  shown i n  F i g u r e s  D-4 
and D-5 .  F i g u r e  D-4 shows the man i fo ld  r i g g e d  w i t h  o r i f i c e s  
e n c i r c l i n g  the area t o  be hea ted  by t h e  t o r c h .  F igu re  D-5 
i s  a m o d i f i c a t i o n  of t h e  manifold shown i n  F i g u r e  D-4 w i t h  
f o u r  o r i f i c e s  b lanked  o f f .  The s t ee l -woo l  su r round ing  t h e  
weld c e n t e r  w a s  n e c e s s a r y  t o  p reven t  t h e  C 0 2  from i n t e r f e r i n g  
w i t h  t h e  welding p r o c e s s .  H a l f - s i z e  (24 - in .  l o n g )  p l a t e s  
were T I G  welded t o g e t h e r  i n  one  p a s s  w h i l e  c o o l i n g  w a s  a p p l i e d  
t o  t h e  rear  s i d e  o f  the p l a t e .  
The c o o l i n g  man i fo lds  
\ 
Procedure .  - Two 2014-T6 aluminum p la tes  5 /16 - in .  t h i c k  
were T I G  welded t o g e t h e r  i n  a s i n g l e  p a s s  w h i l e  l i q u i d  C 0 2  
" j e t s  were a p p l i e d  t o  t h e  back s i d e  o f  t h e  p l a t e s .  F r o n t  
s i d e  c o o l i n g  proved t o  be impractical  due t a  C O 2  i n t e r f e r e n c e  
w i t h  t h e  weld. S R - 4  r e s i s t a n c e  s t r a i n  gages were a p p l i e d  t o  
some weldments i n  b o t h  l o n g i t u d i n a l  and t r a n s v e r s e  d i r e c t i o n s  
t o  o b t a i n  a r e c o r d  o f  the e f f e c t s  o f  c o o l i n g  upon weld 
r e s i d u a l  stresses. The gages w e r e  c e n t e r e d  and t h e n  c u t  o u t  
i n  two-inch s q u a r e s ,  and second r e a d i n g s  were t aken .  T a b l e  
D - I 1 1  p r e s e n t s  t h e  r e s u l t s  of t h e s e  exper iments .  
Although r e p e a t a b i l i t y  w a s  low, r e s i d u a l  stresses i n  
t h e  t r a n s v e r s e  d i r e c t i o n  appeared t o  be r a d i c a l l y  a f f e c t e d  
by t h e  c o o l i n g .  Long i tud ina l  r e s i d u a l  stresses appeared  
t o  be r e l a t i v e l y  u n a f f e c t e d  by t h e  amount o f  c o o l i n g  used 
i n  t h e s e  tes ts .  Cooling before  and a f t e r  t h e  weld ing  p r o c e s s  
a p p a r e n t l y  reduced t h e  tendency o f  t h e  p l a t e  t o  bow away 
from t h e  weld w i t h  a r e s u l t a n t  f r a c t u r e  o f  t h e  t a c k s  t h a t  
s e c u r e d  t h e  p la tes  t o g e t h e r .  Coo l ing  a l s o  reduced warpage 
o f  t h e  p l a t e s ;  a l t h o u g h ,  no e x p l a n a t i o n  f o r  t h i s  f a c t o r  can 
be  for thcoming a t  t h i s  t i m e ,  However, t h e r e  i s  t h e  p o s s i -  
b i l i t y  t h a t  a r e l a t i o n s h i p  e x i s t s  w i t h  t h e  i n c r e a s e d  t r a n s -  
verse r e s i d u a l  stresses i n  excess  o f  one-ha l f  o f  l o n g i t u d i n a l  
s tresses when c o o l i n g  i s  a p p l i e d  immediately b e f o r e  and a f t e r  
t h e  weld ing  p r o c e s s .  I t  i s  p o s t u l a t e d  t h a t  t h e  d i f f e r e n c e  
i n  magnitude between l o n g i t u d i n a l  and t r a n s v e r s e  stresses 
b e a r s  d i r e c t l y  upon warpage i n  welded p la tes .  
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TABLE D-111. R e s u l t s  o f  T e s t  Series 4 
I 
I Method S p e c i m e n  No. 
P a r .  4 - 1 7 - 1  
Long. #I 
Transv .  #2 
1 3 , 6 0 0  p s i  
200 p s i  
F u l l  "0" Cool. 
250-lb.  CO2 
P a r .  
P a r .  
12 ,550  p s i  
7 , 8 6 0  p s i  
6 , 0 5 0  p s i  
3 , 0 8 0  p s i  
4 - 1 7 - 2  
Long. #I 
Transv .  # 2  
P a r .  
Cooled Before  
and A f t e r  Weld. 
22 l b .  C O 2  
1 8 , 9 0 0  p s i  
1 2 , 4 0 0  p s i  
4 - 1 7 - 3  Cooled Before  I and A f t e r  Weld. Long. #1 
Transv ,  #2 40 l b .  CO2 
P a r .  
_ _ _ _ ~  
4 - 1 8 - 2  
Long. #I 
Transv .  # 2  
4 - 1 8 - 4  
Long. #I 
Transv .  #2 
2 0 , 8 0 0  p s i  
3 , 4 0 0  p s i  
Cooled Before  
and A f t e r  Weld. 





( t a c k  weld f r a c -  
t u r e d  as  weld 
approached)  
Low Warpage 
( t a c k s  h e l d )  
Low Warpage 
Poor  Weld 
( t a c k s  h e l d )  
Low Warpage 
Good Weld 
( t a c k s  h e l d )  
High Warpage 
( t a c k  weld f r a c -  
t u r e d  as weld 
approached)  
r 
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